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We study di-boson production via both neutral and charged current at the Large 
Hadron Collider, i.e. subprocesses qq — > e + f e /i~P M + c.c. and qq' — > l + i>i l + l~ + 



> ■ c.c, respectively, where q, q< are quarks and I, I' = e, in all possible combinations, 

. in the context of the 4-Dimensional Composite Higgs Model. These modes enable 



the production in the intermediate steps of several additional - with respect to the 
Standard Model - neutral and charged gauge bosons belonging to the spectrum of 
this scenario, all of which in resonant topologies. We not only find these channels 
to be accessible over the background but also show that, after a dedicated cut-based 
analysis, kinematic reconstruction of most such resonances is always possible. How- 
ever, since the Electro- Weak precision data generally disfavor neutral and charged 
gauge boson masses below the TeV range and also their large couplings to light- 
fermions, these modes turn out to be relevant only for the 14 TeV option with high 
integrated luminosity. 
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I. INTRODUCTION 

In order to firmly establish the gauge sector of the Standard Model (SM), i.e., masses 
and especially couplings of the 7, W ± and Z gauge bosons, it would be sufficient to consider 
Drell-Yan (DY) processes as well as di-boson hadro-production, both yielding leptonic final 
states (containing electrons and/or muons). On the one hand, the DY processes enable 
one to access at once all the fermionic couplings of the SM, thanks to the fact that they 
are universal across generations. On the other hand, di-boson hadro-production allows 
one to access the triple gauge self-couplings (for the latest experimental results, see the 
ATLAS [1] and CMS [2] papers), further recalling that the quartic ones are not gauge 
independent per se. Both statements remain true in any beyond the SM (BSM) scenario 
of electro-weak symmetry breaking (EWSB) where, no matter the gauge group describing 
the dynamics, such a universality assumption is maintained. In contrast, if the latter is 
dismissed, additional final states (involving heavy quarks and/or r leptons) ought to be 
considered. 

Needless to say, the cleanliness of both DY and di-boson hadro-production, when searched 
for in e, fi final states, render them a favorite from the experimental point of view: in 
general, the directions and energies of the particles of the emerging final states can be well 
reconstructed to the extent that these scattering processes are ideal also for identifying the 
mass of the intermediate bosons being produced and studying their properties. From the 
theoretical point of view, such mechanisms are well under control as higher order effects 
from both electro- weak (EW) interactions and Quantum Chromo-Dynamics (QCD), are 
well known and only affect the initial state (see, e.g., Ref. [3| for a review). 

In the presence of a Higgs-like signal, as testified by Large Hadron Collider (LHC) data 
recorded by the ATLAS [4] and CMS Q| collaborations, pathways towards BSM physics that 
incorporate a light scalar particle and encode possible deviations from the SM predictions 
should be considered with the highest priority. A scalar particle emerging from the Higgs 
mechanism might not be the only means of generating masses for known (and possibly new) 
matter and force states, but an ingredient of a more general framework with new degrees of 
freedom and interactions appearing at the TeV scale. We adopt here the recently proposed 
4-Dimensional Composite Higgs Model (4DCHM) of Ref. 6|, which represents a complete 
and calculable scheme for the physics of the Higgs boson as a pseudo-Nambu-Goldstone 
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ying dynamics yields one of the 
7, s[ [9, - More recently such a 



boson (PNGB), by capturing all the relevant features of 5D models and more in general of 
composite Higgs models based upon partial compositeness. 

Amongst the many BSM EWSB scenarios proposed over the years, the one with a Higgs 
as a PNGB associated to the breaking of a strong under 
most natural solutions to the hierarchy problem of the SM 
scenario has been supplemented by the aforementioned mechanism of partial compositeness. 
The simplest example, based on SO (5) /SO (4) is considered in jllj], of which the scheme 
proposed in o| represents a highly deconstructed 4D version. The latter represents the 
minimal choice for the ensuing enlarged (and composite) fermionic sector, leading to the 
minimal matter content that allows for a finite Higgs potential calculable via the Coleman- 
Weinberg technique and includes a set of degrees of freedom (both bosonic and fermionic) 
which might well be accessible at the LHC From the explicit expression of the Higgs potential 



in jo], one can then extract the Higgs vacuum expectation value (VEV) and mass in terms 
of the model parameters. The peculiarity of this BSM scenario is that, for a natural choice 
of the free parameters both in the gauge and fermion sectors, the spectrum of the composite 
Higgs masses that one obtains includes values that are compatible with the most recent 
LHC results. In particular, the request of reproducing a Higgs mass in the vicinity of 125 
GeV, due to the correlation between the Higgs mass value and the one of the lightest new 



fermionic states 
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16 1 , implies the presence of new fermions in the TeV range 
(or below) so that they might be within the reach of the present and/or future runs of LHC. 

The study of the composite Higgs and fermionic sectors of such a class of models has 
received much attention over the last few years |xt| . Here, we are instead concerned with 
the gauge sector. In fact, the latter is also extremely rich in general as it predicts extra 



composite spin-1 resonances. In particular, in the formulation of Ref. p] (see the next 
Section for details), there are five extra Z' states and three extra W states. These objects 
are weakly yet sizably coupled to the first and second generations of fermionic matter (in 
both the quark and lepton sector) and this makes the 4DCHM an excellent candidate for a 
phenomenological analysis of DY and di-boson processes at the LHC. However, we remark 
that such a theoretical set up realizes partial compositeness only for the third generation of 
quarks 1 of the SM, hence in principle one should also rely on the study of bb and ti final 



1 Following a minimal approach, the partial compositeness for the third generation leptons is not embedded 
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states (in addition to the leptonic ones) in order to extract from data the complete structure 
of the new EW sector. 

While the study of the hadronic final states in both DY and di-boson channels will be 
pursued in a separate publication 18] and the one of the leptonic ones in DY processes has 
been tackled in Ref. |l9j . it is the purpose of this paper to investigate, in the context of the 
aforementioned 4DCHM, the phenomenology of both charged 

pp(qq) -> W + W~ -»■ e+z/ e /i~z/ M + c.c. -» e ± fi T E^ iss (1) 

and mixed 

pp(qq') W ± Z Pi* l'+l'- + c.c. ->■ / ± /'+/'-^ iss (2) 

di-boson production at the LHC, yielding different-flavor opposite-charge di-leptons plus 
missing transverse energy in the first case (henceforth, the 21 signature) and all-flavor (1,1' = 
e, fi) and charge tri-leptons plus missing transverse energy in the second case (henceforth, the 
3/ signature) 2 . In both instances, which at times we refer to as the WW and WZ channels, 
the symbols W and Z refer to any possible charged and neutral, respectively, spin-1 massive 
gauge bosons present in the 4DCHM whilst q(q) and q'(q') are the (anti)quarks found inside 
the proton. 

The plan of the paper is as follows. In the next Section, [Til we briefly sketch the salient 
features of the gauge sector of the 4DCHM. In Sect. after a short description of the 
computational tools used, we present our results for the two channels (jTj) — (EJ) • We conclude in 
Sect. IIVI Appendix A contains instead some numerical values of 4DCHM couplings entering 
our phenomenological analysis. 

II. THE GAUGE SECTOR OF THE 4DCHM 

In this Section we describe the main characteristics of the gauge sector of the 4DCHM 
introduced in 6|, where further details can be found, which is based on a low-energy La- 
grangian approximation of the deconstructed 5D Minimal Composite Higgs Model (MCHM) 



in the model. 

2 Note that di-lepton final states with identical flavors are of no use for the {1} process, as they are burdened 
by an overwhelming SM background induced by ZZ events, with one Z boson decaying invisibly. Note 
also that the contribution of process© to the 21 signature, occurring when a lepton escapes the detector, 
was found to be negligible in Ref. [20| . 
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introduced in 



based on the coset SO (5)/ SO (4) with four Goldstone bosons, the latter 



containing the Higgs state. 

The 4DCHM can be schematized in two sectors, the elementary and the composite one, 
arising from an extreme deconstruction of the 5D theory. This two-site truncation represents 
the framework where to study both bosonic and fermionic new resonances that might be 
accessible at the LHC, though it captures all the relevant features of the original MCHM 
with the Higgs boson arising as a PNGB. The gauge structure of the elementary sector 
of the 4DCHM is associated with the SU(2)l <g> Z7(l)y SM gauge symmetry whereas the 
composite sector has a local SO (5) <g> U(l)x symmetry that gives rise to eleven new gauge 
resonances. Therefore, the spin-1 particle content of the 4DCHM is given, besides the 
standard W, Z bosons and the photon, by five new neutral, collectively denoted by Z', and 
three new charged, collectively denoted by W, bosons. The parameters for the gauge sector 
are obtained from the scale / of the spontaneous global symmetry breaking 5*0(5) — > SO (4) 
(typically of the order of 1 TeV) and g*, the SO (5) gauge coupling constant which, for 
simplicity, we take equal to the U(l)x one. The mass spectrum of the spin-1 fields is then 
expressed in terms of these two new parameters and the SM ones: go and goy, the gauge 
couplings of SU{2) L and U(l)y respectively. The analytical expressions of the gauge boson 
masses at the leading order in £ = v 2 /f 2 , with v the VEV of the Higgs, are given in eqs. 
©-fll]), where an increasing number in the label indicates a particle with higher mass. 

For the charged sector we have: 
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J 2 2t 


M 2 Wl = 


fgl 


M 2 ~ 


f 9* (-\ 
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M 2 ~ 
m w 3 — 


2fgl(l - 
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0, 



2c 2 <? 

with tan 9 = (sg/cg) = (go/g*)- Note that W\ mass does not receive any contribution from 
EWSB. 
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For the neutral sector we get: 



M 2 Zl = fgl 

f 2 2 2 4 

M 2 Z4 = 2fgl 

with tanip = (s^/c^p) = (v2<7oy/fl'*)- The photon is massless, as it should be, and the neutral 
gauge bosons Z\ and Z4 have their masses completely determined by the composite sector. 

As stated before, in the 4DCHM the VEV of the Higgs v is extracted by the minimum of 
the Coleman- Weinberg potential as a function of the fermion and gauge boson parameters, 
which, in the following analysis, will be chosen in such a way as to reproduce v = 246 
GeV (see 



19| for details). Eqs. ©-flU) explicitly show the leading corrections to the mass 
spectrum due to EWSB. 

Regarding the fermionic sector, we just recall that the new heavy fermions are embedded 
in fundamental representations of 5*0(5) ® U(l)x and two multiplets of resonances for each 
of the SM third generation quark are introduced in such a way that only top and bottom 
quarks mix with these heavy fermionic resonances in the spirit of partial compositeness. For 
processes (JTJ) and (j2J) we only need the the couplings of the Z' and W (to which we refer in 
the following also explicitly as ^=i,...,5 and ^=1,2,3) to the first two generations of leptons 
and quarks which live in the elementary sector. These couplings come from the mixing of 
the Z' and W with the elementary gauge bosons which, in turn, see their couplings modified 
due to the same mixing. In order to give an idea of the order of magnitude of this effect, 
we provide here the analytical expression for the charged and neutral current interaction 
Lagrangian for the 4DCHM at the leading order in £ (all the forthcoming calculations of 
cross sections are performed numerically though, with the corresponding full expressions 
without any approximations). 
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For the charged-current Lagrangian we have: 

Ccc = [9^W + + g+ x W+ + g+ 2 W+ + g+ a W+] J~ + h.c. (5) 
with J± = (J 1 ± *J 2 )/2, j; = ^Ti 7/i [(l - 75 )/2]^, and 



+ (6) 
<& = 0. (7) 

4,= ^#(! + 1^2-^12)0, (8) 



where 



»12 = c 6»(l — 4cJs,q, a 2 9 = ; ^TTT, «24 = 7= • (10) 

4 91 e> e ' 4(1 -2c 2 ,) 2 ' >/2(l-2c§) 1 ; 

As it is clear from eqs. (J7|) and (JSJ), is fermiophobic and W 3 is weakly coupled (this 
conclusion does not refer to the third generation quarks where the mixing with the composite 
fermions must be taken into account). In Appendix A we list the numerical values for these 
couplings for the benchmark points used in our numerical analysis. 

Analogously we derive the neutral-current Lagrangian. Starting from the elementary sec- 
tor, where the neutral gauge fields of SU(2)l x U(1)y are coupled with the fermion currents, 
we get, after taking into account the mixing among the fields, the following expression: 

5 

Cnc = N + + $ f R gUfh^ f R )z?] , (ii) 

/ »=0 

where i/jl,r = [(1 ± 7s)/2]'0 and we have identified Z Q with the neutral SM gauge boson Z. 
The photon field, A^, is coupled to the electromagnetic current in the standard way, i.e., 
with 

9l9y / 10 x 
e = j= = , 9l = 9oc e , 9y = 9oyc^, (12) 

V9l + 9y 

while the couplings of the Zj's have the following expressions: 

g L Zi {f) = A z Tl(f) + B Zi Q f , gK(f) = B Zi Qf, (13) 
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where A z . = (g aj — goyfa), B z% = goyfa, with and fa the diagonalization matrix elements, 
namely: 

5 5 

W 3 = ^2a i Z i , Y = J2/3iZi. (14) 



i=0 



i=0 



Here W3 and Y are the elementary gauge field associated to SU{2)l and Z7(l)y, respectively 
As a result, the Zi and Z 4 bosons are not coupled to leptons and to the first two quark 
generations, so they are completely inert for the processes we are here considering. 
At the leading order in £ we get: 



with 



A z = Jgl + g Y [l + 



9l 9y 
9l + 9y 9 2 l + 9y 



9y 



A 



z 2 



Sib 

-gy— 

C0 



1 + (— a Z2 -b Z2 )i 

gy 

gy 



B Z2 - gy — 



Vgl + g 2 Y 

1 - « 



A Zi = -g L — [l + {az 3 + — bz 3 )C] , B z 3 = 9Y—bz 3 t 
c e L 9l c e 

A Zb = (giaz 5 ~ gybz 5 )^, B Zs = g Y b Zb y/l, 



[1 + bzO, (15) 

(16) 

(17) 
(18) 



a z = (2 S 2 + 4)( 4c 2-l)/32 



a Z2 



a z 3 



az 5 



y/2s e s^c 



= (2^ + 4)(44-l)/32, 
^(2-74 + 94-44) 



4(4-^(24-1)' 
-2d + 54 - 4c« 



4(1 - 24) 2 
se 



84(1-24)2 
^-4(24-1) (4 -4)' 



2^(1-24)' '' Z "' 1(1 
The numerical values of these fermionic couplings for two benchmark points of our analysis 
are given in Appendix A. 

The mixing among the gauge bosons of the 4DCHM also leads to tri-linear and quadri- 
linear interactions between the heavy and light gauge bosons. Their analytical expressions 
are quite complicated (also at the leading order in £), so we will not report them here, but 
again, we give in Appendix A the numerical values of the tri-linear gauge couplings (only) 
for the case of the benchmarks used in the upcoming production and decay analysis. 

Despite the large number of parameters in the fermionic sector, limited to the analysis 
that we are going to perform in this paper, we can easily summarize its main characteristics. 
As already known (see, e.g., 12], 13] and [jjj for a review) in models where the Higgs is 
a light composite PNGB the latter is associated with light fermionic resonances (with both 



24) 



(19) 
(20) 

(21) 
(22) 
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standard and exotic quantum numbers) around the mass of 1 TeV. We now stress that, as 
pointed out in for the purpose of this paper is sufficient to divide the composite fermion 
mass spectrum in two different regimes, as follows. 

• A regime where the mass of the lightest fermionic resonance is too heavy to allow for 
the decay of a Z' and/or a W in a pair of heavy fermions and, consequently, the widths 
of the Z' and/or W are small, typically well below 100 GeV. This configuration of the 
4DCHM is illustrated by the forthcoming benchmarks (a)-(f). 

• A regime where a certain number of masses of the new fermionic resonances are light 
enough to allow for the decay of a Z' and/or W in a pair of heavy fermions and, 
consequently, the widths of the involved Z' and/or W states are relatively large and 
can become even comparable with the masses themselves. This configuration of the 
4DCHM is illustrated by the forthcoming colored benchmarks (red, green, cyan, ma- 
genta, black, yellow). 

In scanning the 4DCHM parameter space, we have of course checked that the regions 
eventually investigated via processes ffl-© are compatible with LHC direct searches for 



heavy gauge bosons 2l|, |22|, |23|, |24| and fermions |25|, |26|, 127] . Further, the top, bottom and 
Higgs masses emerging in the 4DCHM are limited as follows: 165 GeV < m t < 175 GeV, 
2 GeV < m b < 6 GeV and 124 GeV < m H < 126 GeV, the latter consistent with the 
recent data coming from the ATLAS [4] and CMS jlj] experiments. We use e, M^,Gf as 
input to further constraint the 4DCHM parameter space. However, regarding EWPTs, it 
should be mentioned here that, as it is well known, extra gauge bosons give a positive 
contribution to the Peskin-Takeuchi S parameter and the requirement of consistency with 
the EWPTs generally gives a bound on the mass of these resonances around few TeV [jjj]. 
In contrast, the fermionic sector is quite irrelevant for S since the extra fermions are weakly 
coupled to the SM gauge bosons. Either way, as noticed in j^sj], when dealing with effective 
theories, one can only parametrize 5* rather than calculating it. In other words, since we 
are dealing with a truncated theory describing only the lowest-lying resonances that may 
exist, we need to invoke an Ultra- Violet (UV) completion for the physics effects we are 
not including in our description. These effects could well compensate for S, albeit with 



some tuning. One example is given in 28) by considering the contribution of higher-order 



operators in the chiral expansion. Another scenario leading to a reduced S parameter is 
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illustrated in Q , by including non-minimal interactions in the 4DCHM. For these reasons, in 
the following phenomenological analysis we will choose values for the gauge boson resonance 
masses around 2 TeV to avoid big contributions to the S parameter. This choice corresponds 
to a compositeness scale / around 1 TeV and g* around 2. 

Before starting to consider the di-boson results for the 4DCHM, in order to give an idea of 
the fermion couplings of the new spin-1 resonances, we plot the ratios between the Z 2 $ (^2,3) 
light-fermion couplings and the Z (W) ones, as functions of the parameters of the 4DCHM 
in the gauge sector: / and g*. We show only these four bosons because they are the most 
relevant ones for the processes we will consider. This is done in Figs. HH21 for the neutral 
gauge bosons Z2 and Z3, respectively (here, we only show the ratio for the right-handed 
lepton couplings since the results for the corresponding u- and <i-quarks are comparable), 
and in Fig. [3] for the charged gauge bosons W% and W3. Similar plots for the case of the 
tri-linear gauge boson couplings (not involving a photon) can be found in Fig. HJ limited 
to the two cases gz 3 ww and gz 3 ww 3 , which are those entering some resonant diagrams in 
neutral and charged current di-boson production and decay, respectively, that are relevant 
to our analysis. Additional (numerical) values for both the gauge boson to fermion as well 
as tri-linear couplings pertaining to processes flTJ)-(J2J) are found in Appendix A, for two 
benchmarks in the 4DCHM parameter space which will be studied in detail later on. 



III. RESULTS 

We study in this section the phenomenology of processes (JT])-(j2]), from the point of view of 
both their production and decay dynamics. Before doing so though, we briefly describe the 



numerical tools used. For more details about the latter, we refer the reader to Refs. 



20 



29|. 



A. Calculation 



The numerical results obtained in the previous section for the 4DCHM spectrum gener- 
ation and tests against experimental data were based on two codes, one exploiting Mathe- 
matica and the other exploiting the LanHEP/CalcHEP environment 30, 31, (32, 33], cross- 



Sz L ,(l)/Sz(l) 



g z L »/g z L (u) 
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FIG. 1: Ratio between the Z2 light-fermion couplings and the Z ones. Top-left: for g^ 2 {l) / g^{l). 
Top-right: for Ju)/g%(u). Bottom-left: for g% Jd)/g%{d). Bottom-right: for g§ M)/g$ (I). 



checked against each other where overlapping 3 . 

The codes exploited for our study of the LHC signatures are based on helicity amplitudes, 
defined through either the PHACT module [3^] or the HELAS subroutines 3f|, the latter 
assembled by means of MadGraph 37|]. For both processes ([I])-© we have tested the Matrix 
Elements (MEs) via two independent implementations and it has been verified that both 



3 These modules have been described in detail in Ref. 19( so we do not dwell on them here. Further, 
they will be made available shortly on the High Energy Physics Data-Base (HEPMDB) 34): see 
https://hepmdb.soton.ac.uk/. 



gz L 3 (l)/gz L (D g&W/gzW 12 




f(TeV) f(TeV) 



FIG. 2: Ratio between the Z3 light-fermion couplings and the Z ones. Top-left: for g% 3 (l)/g%{l) ■ 
Top-right: for g^ 3 (u) / g^{u) . Bottom-left: for g% 3 (d)/g%(d). Bottom-right: for g§ 3 (l)/9z(l)- 

satisfy standard gauge invariance tests. The MEs account for all off-shellness effects of the 
particles involved and were constructed starting from the topologies in Fig. [5j wherein the 
wavy lines refer to any possible gauge bosons in the 4DCHM and the arrow lines to the 
fermions 4 . 

Two different phase space implementations were also adopted, an 'ad-hoc one' (eventually 



used for event generation) and a 'blind one' based on RAMBO 38[, again checked one against 
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Note that the contribution due to the Higgsprocess pp(gg) — >• h — >• W + W — > e + v e /1 + c.c. 



e ± /.t T _E^ iss to the 21 signature is negligible [29j. 




f(TeV) f(TeV) 



FIG. 3: Ratio between the W2 and W3 light-fermion couplings and the W ones. Left: gw^/9W- 
Right: gwjgw- 
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FIG. 4: Ratio between tri-linear couplings in the 4DCHM and the SM ones. Left: gz z ww / 9zww- 
Right: gz s ww 3 /gzww- 



the other. VEGAS 391 was eventually used for the multi-dimensional numerical integrations. 

n 

The Parton Distribution Functions (PDFs) used were CTEQ5L [4fJ, with factoriza- 
tion/renormalization scale set to Q = = \/§. Initial state quarks have been taken as 
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FIG. 5: Topologies of Feynman diagrams necessary to compute the subprocesses in eqs. CE])-©. 

massless, just like the final state leptons and neutrinos. As for the gauge boson sector, its 
implementation has been described previously. 

it is useful to introduce also a few kinematic observables that will be used in the remainder 
to define acceptance and selection criteria of the two final states in processes ([I])-©: 

• r]i = — log(tan -£) is the pseudo-rapidity of a particle, 

• ^bl = -^/(-Pf [+-P/]) 2 + (-ff[+-f > /]) 2 i s the transverse momentum of a particle z[of a 
pair of particles ij], 

• Pm = niax(Pj T , Pj[, Pk\) is the maximum amongst the transverse momenta of the 
two [three] particles, 

• Pjj = max(P-j[, P^, Pjkl) i s the maximum amongst the transverse momenta of all 
possible pairs of particles, 

• Mij[ k ] = a/ (P% + Pj[+Pk\Y{Pi + Pj[+Pfc]) M is the invariant mass of a pair [tern] of par- 
ticles, 

• Mj m = yJ(P? + Pj>[+P fe ]) 2 - (P? + Pf[+P fe 1) 2 - (if + Pj[+P v k }) 2 ^ the transverse 
mass of a pair [tern] of particles, 

• 6i[j] is the angle between the beam axis and a particle [between two particles], 

• cos (pj, = 1 pTpT 3 is the cosine of the relative (azimuthal) angle between two parti- 

J ^3 

cles in the plane transverse to the beam, 

• P^iss = -^/(Pf + Pji+Pk]) 2 + (Pi + -P/[+-Pfc]) 2 1S the missing transverse energy (due 
to the neutrino escaping detection). 
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Here, the square brackets are introduced to extend the definition of the observables from 
the case of the 21 to the 3/ signature, as the indices k] run over the twofthree] visible 
particles in the final state of process (JTJ) [(EJ)] , each with momentum Pi-Pj[, Pk\- 

In contrast to the case of DY processes dealt with in Ref . , we found no sensitivity here 
of either of the di-boson channels to charge asymmetries (like, e.g., the forward-backward 
one), so that we will not dwell on these observables here. 

Further notice that, in the following, we will use a 10 GeV bin for the forthcoming differ- 
ential distributions due to the fact that the experimental resolution (in mass and transverse 
momentum) is of order 1% at 1-2 TeV for the electron, while for the muon the rate is like 
5%. 

Finally, as intimated, notice that the benchmark points in the 4DCHM parameter space 
used here are taken from [if]], where their complete parameter listing is given. Namely the 
(a)-(f ) benchmarks are defined in Tab. 20 of Ref. 19J whereas the colored ones are given in 
Tab. 19 of the same paper. 



B. The 21 signature 

The acceptance and selection cuts that maximize the sensitivity to process ([1]) have been 
defined in Ref. [3] (where they were referred to as So cuts): 

\ Ve J < 2, > 20 GeV, > 50 GeV, 

M eil > 180 GeV, p^< 300 GeV, cos 0^ < -0.9, cos ^ < 0.5. (23) 

In Figs. EH7] we show some relevant observables for two of the 4DCHM benchmarks 
defined in [19(], in particular (a) and (f), respectively. The fact that is not possible to detect 
all the final state particles, and in particular that there are two invisible neutrinos, makes it 
very hard to achieve a clear identification of the intermediate vector bosons. However, the 
effects of extra neutral gauge boson resonances appear as an excess of events in some energy 
measure below the value corresponding to the new gauge boson mass. (Unfortunately, there 
is no observable that allows one to have a signature of the new charged bosons involved 
in the process.) As in the 4DCHM the ^2,3 bosons are close in mass, it is impossible to 
separate them, and, between the two, it is the Z 3 state the one with typically largest cross 



section, 



19]. Moreover, the Z 5 state is very weakly coupled to the SM light-fermions and 
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very heavy (see Appendix A), consequently, it is essentially invisible. Hence, the results in 
these figures essentially highlight the Z 3 mass as the end point of the excess region extending 
to the left of Mz 3 in case of energy measures (E^ iss and Mtz) or to the left of Mz 3 /2 for the 
transverse momentum measures {Pj v and Vu)- Although not shown, the pattern emerging 
for all the other benchmarks defined in Ref. 19] is similar to the one illustrated here. These 
distributions were obtained for a LHC energy of 14 TeV, however, they are rather similar in 
shape (but not in magnitude) to those at 7 and 8 TeV. 

In Tabs. HI and HT1 we present the cross sections of channel (pQ), at 8 and 14 TeV (not 
at 7 TeV, as corresponding rates are generally poor) for each of the twelve benchmarks of 
[lij (notice that '(f)' and 'red' are actually the same) after the cuts given in eq. ( )23l) . No 
further selection is adopted here, as the 4DCHM curves consistently sit above the SM ones 
in Figs. [6H3 over the entire kinematic ranges of the observables considered. Hereafter, we 
define as signal (S) the difference between the total (T) 4DCHM result and the SM one, 
the latter thereby constituting the background (B). In order to extract from these rates the 
statistical significance, a, it is enough to multiply the last column for vZe, where L is the 
luminosity in fb _1 and e is the efficiency to tag the final state. If we consider a luminosity 
of, e.g., 25 fb _1 at the 14 TeV LHC and an overall tagging efficiency of 55% (as obtained 



in Ref. 



29) ). we have, e.g., for the cyan benchmark, that the minimal S/yB (in vfb units) 



necessary to have a statistical significance of 5 (discovery) is 0.35 vfb whereas for exclusion 
(i.e., statistical significance 2) we need at last 0.14 \/fb. In general, it is clear that, at 14 
TeV, over the generic 4DCHM parameter space, the Z% boson can easily be extracted (i.e., 
for all benchmarks (a)-(f) considered, Tab. HI), so long that its width is small enough since 
(consider the colored benchmarks now, illustrating the effect for / = 1.2 TeV and g m = 1.8, 
Tab. [IT]), with increasing values of this quantity, the scope of the LHC in this channel 
diminishes significantly (as illustrated in Ref. 19) ; the smaller the mass of the composite 
fermions the larger the widths of the gauge bosons in general, as the latter are allowed to 
decay in the former). Prospects at 8 TeV are instead rather negative, certainly for detection 
and most probably for exclusion too. Finally, independently of the energy and luminosity of 
the LHC, none of the other 4DCHM neutral or charged gauge boson resonances is accessible 
via channel (EEl). 



17 



f=0.75TeV,g»=2 



0.0025 



0.0020 



0.0015 



S-c 5 

% 0.0010 
0.0005 




_ 4DCHM 
.. SM 



0.0000 

200 400 600 800 1000 1200 1400 



> 

a 



0.0010 



0.0008 - 



0.0006 



s-c B 

W 0.0004 - 
-a 

-a 

0.0002 - 



f=0.75TeV,g t =2 




^I(GeV) 



500 1000 1500 2000 2500 3000 3500 4000 
ELs (GeV) 



f=0.75TeV,g t =2 



f=0.75TeV,g t =2 



0.0030 



0.0025 



o 0.0020 
O 



X 0.0015 

"b 0.0010 
•a 



0.0005 



0.0000 




. 4DCHM - 
. SM 



400 



600 



800 



1000 1200 1400 



0.0020 



> 

o 



0.0015 - 



0.0010 - 



0.0005 




1000 1500 2000 2500 3000 3500 4000 
M T2 (GeV) 



Pm (GeV) 

FIG. 6: Differential cross sections pertaining to the di-boson process in ([T]) at the 14 TeV LHC. 
Here, pj^ and E^ iss are defined in Subsect. IIII Al Pj v is the transverse momentum of the two 
neutrinos in the plane transverse to the beam whereas Mti is the transverse mass as defined in 
Ref. [411 ] . So cuts are applied. The red-solid curve represents the full 4DCHM whilst the black- 
dashed one refers to the SM. The benchmark (a) / = 0.75 TeV and g* = 2 of ~Lj| is adopted 
here. 



C. The 3/ signature 



Before proceeding with the study of this signature, a subtlety should be noted. Some 
of the variables denned in Subsect. IIII Al implicitly assume the capability to identify in the 
final state of process (|2D the two leptons coming from the neutral current (propagated by the 
7, Z, , Z2, Z3, Z5 states). In the I = e and I' = fx (or vice versa) case this is trivial, since the 
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FIG. 7: Same as in Fig. [6] for the benchmark (f) / = 1.2 TeV and g 



* = 1.8 of [im- 



pair of leptons with identical flavor are necessarily those emerging from such a current. In 
the case I = V = e or \i the identification is in principle ambiguous (incidentally, this requires 
an anti-symmetrization of the diagrams stemming from the topologies in Fig. [51 which we 
have done, according to Pauli-Dirac statistics). However, in Ref. 201 ]. an efficient method 
was devised to overcome this problem, by noting that Pjj is generally the one induced by 
the pair of partons emerging from the 7, Z, Z2, Z3, Z$ current, so that this enables use to 
enforce the same cuts onto the final state of the process (j2J), irrespectively of the actual I, I' 
combination being generated. 

The acceptance and selection criteria that maximize the sensitivity to process (j5J) have 
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1.1 


1.8 


0.42 (0.046) 


0.60 (0.096) 


(f) 


1.2 


1.8 


0.24 (0.022) 


0.34 (0.046) 



TABLE I: Cross sections for process © in the 4DCHM at the 14(8) TeV LHC, using So cuts. The 



SM background is 0.49(0.23) fb. The benchmarks (a)-(f) of 



19j | are adopted here. 



/ = 1.2 TeV, <?* = 1.8 


S = T — B (fb) 


S/^B (Vfb) 


red 


0.24 (0.022) 


0.34 (0.046) 


green 
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black 


0.028 (0.0024) 


0.04 (0.005) 


yellow 


0.012 (0.0010) 


0.016 (0.0021) 



TABLE II: Cross sections for process CO) in the 4DCHM at 14(8) TeV LHC, using So cuts. The 
SM background is 0.49(0.23) fb. The colored benchmarks of [ly] are adopted here. 



been introduced in Ref. [20| (where they were called C2 cuts): 

I 1 < 2 > p h\i'- > 20 GeV ' > 50 GeV ' 

M l±l '+^ > 20 GeV, pjj > 150 GeV, cos<j)^ +l ,_ < —0.5, cos 0j± Z '+ j±j'_ f +l '- < 0.9 

Ff ±l , +j l±l >- t > 150 GeV, M^i'+f- > °- 9 M wv ( 24 ) 

The last cut, which depends on a 4DCHM parameter, unlike the others, is actually justified 
by the fact that the sequence of C2 restrictions is enforced in steps, so that, after the first 
seven cuts have been implemented (first two rows of eq. (jMJ) ), the W2 resonance clearly 
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emerges above the background, as illustrated in Ref. 20J] (albeit for another model) 5 . 

In this part of the paper, we intend to show that process (J2J) at the LHC (again, we will 
take y/s = 14 TeV in the plots for illustration purposes) can act as an effective means to 
extract part of the mass spectrum of the gauge sector of the 4DCHM that is not accessible 
elsewhere. In order to accomplish this, it is crucial the fact that process (T5J) affords one with 
the possibility to reconstruct the missing longitudinal momentum of the neutrino, as also 
described in [20] . Therefore, alongside M^+f- (which is sensitive to the neutral gauge boson 
resonances), we can also plot the reconstructed Centre-of-Mass (CM) energy at the partonic 
level, \/§ = (which is sensitive to the charged gauge boson resonances) 6 . 



Again, the benchmarks chosen here from Ref. 19(, representative of a situation occurring 
over the whole of the 4DCHM parameter space, are the (a) and (f ) ones. Fig. |8] plots the 
aforementioned two kinematic variables, from which we recognize, again, the presence of 
the Z 2 (partially) and Z 3 (mainly) resonances in the M ; / +z '_ spectrum as well as that of the 
W3 resonance, in fact for the first time, in the one. The latter occurrence is peculiar 



to process (J2J), as it did occur neither in the DY modes investigated in 19j nor in channel 
(PQ) studied here. In contrast, the Z5, again, does not emerge over the background in the 
invariant mass of the di-lepton pair because of, needless to say, its small couplings and large 
mass. Finally the W2, whilst evident in the reconstructed CM energy at partonic level, is 
clearly mimicked by the SM background, in view of the last cut in eq. f l24|) . which renders 
the signal and background very similar. 

Before proceeding to establish the significance of the Z 2i3 and W3 mass peaks, one peculiar 
feature of process (J2]) should be noted, i.e., unlike the case of ([I]), it is characterized by a, 
at times, large negative interference between the diagrams involving the new gauge bosons 
of the 4DCHM and those involving the SM ones, induced by the signs of the fermion-gauge 
boson as well as tri-linear couplings of the 4DCHM with respect to those of the SM (see 



19|). which can onset precisely where the masses of the new gauge bosons are. In fact, such 
an effect is ultimately responsible for the generic smallness of the cross sections for process 
fl2]) in comparison to reaction (CQ). Hence, for some combinations of 4DCHM inputs, the 



5 Alternatively, following Ref. 19|, the extraction of a value for Myy 2 is always possible in the DY channel. 

6 Any sensitivity to the latter in the henceforth reconstructed invariant mass distribution of the charged 
l^vi current is lost, owing to the fact that our aforementioned procedure of computing the longitudinal 
neutrino momentum selects only the W component, i.e., that of the SM [20(. 
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FIG. 8: Differential cross sections pertaining to the di-boson process in (J2J) . Here, Mf +l >- (top) 
and (bottom) are denned in Subsect. IIII Al and in the running text, respectively. C2 cuts are 
applied. The red-solid curve represents the full 4DCHM whilst the black-dashed one refers to the 
SM. The benchmark (a) / = 0.75 TeV and = 2[(f) / = 1.2 TeV and g* = 1.8] of Q is adopted 
here on the left [right] hand side. 



actual signal is a depletion of the expected SM rate, in the relevant mass region. This is 
manifest in Tabs. IIIIHIVt which show the signal and background rates integrated over the 
Mf+n'- range between 2 and 3 TeV (except for benchmark (a) for which we integrate from 
1.5 to 2 TeV), i.e., the Z 2 ^ peak region, and over the E^ m range between 2.5 TeV and 4 TeV 
(except for benchmark (a) for which we integrate from 2 to 4 TeV), i.e., the W3 peak region, 
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respectively. In the same Tables, upon assuming an overall tagging efficiency of 50% [201 ]. 
we present the significance o of the signal for 1000 fb _1 of luminosity as well as its minimal 
value required to claim detection (5a). (Notice that in the calculation of the significance, 
for the cases where the signal appears as a depletion rather than an excess, as it can be for 
the Ws peak but not the Z2.3 one, we have taken the modulus of the signal rates.) While 
extraction of the signal is possible in a few instances with standard luminosities expected 
at the LHC running at 14 TeV, in others this requires much larger data samples, probably 
obtainable only at the currently considered Super-LHC stage |42j (i.e., a tenfold increase in 
instantaneous luminosity for the 14 TeV LHC). The need for high luminosity is clearly the 
stronger the larger the gauge boson masses and/or widths involved. 
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TABLE III: Cross sections for process (0) in the 4DCHM at the 14 TeV LHC, using C2 cuts 
supplemented by an additional selection around the Z^z mass (see the text). The benchmarks 



(a)-(f) (left sub-table) as well as the colored ones (right sub-table) of 19j are adopted here. The 
SM background is always 0.085 fb, except for benchmark (a) which yields 0.27 fb. The statistical 
significance a is computed with a luminosity of 1000 fb -1 and the tagging efficiency mentioned 
in the text. L m is the minimal luminosity needed to discover the peak. The label "NA" is 
related to luminosity values which are not accessible at present colliders as well as future proposed 
prototypes. 



Of particular relevance here is to notice that, while accessing the Z 2 and Z 3 res- 
onances is always generally possible through the neutral current DY process, this is 
not the typical case for the W3 resonance via the charged current DY channel, see 
Ref. [L9|. This is made explicit by consulting Fig. [9j where we plot the spectrum 
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in the transverse mass of the I E^ iss final state emerging in the latter case, i.e., of 
M T = a/ (Ef + -E^isJ 2 — (pf + Pmiss) 2 — (Pi + Pmiss) 2 ' where E T represents missing en- 
ergy/momentum (as we consider the electron and muon massless) in the plane transverse 
to the beam and p x>y are the two components therein (assuming that the proton beams are 
directed along the z axis). Again, we refer to benchmarks (a) and (f) of Ref. 19], for which 
a Jacobian shape reminiscent of the W 3 mass is expected to appear around the M T values 
of 2123 and 3056 GeV, respectively (see Tab. 21 in 19J). This is clearly not the case and in 
fact it turns out that it is the contribution due to the interference between the lighter W2 
peak (occurring at 1581 and 2312 GeV, respectively, see again Tab. 21 in |l9|) and the SM 
contributions that overwhelms the W3 peak. Contrast this figure with the two bottom plots 
in Fig. El 

Finally, if one computes the event rates for process (j2J) after the cuts in eq. (J23J, as 
done in Tabs. IVlTVIl (i.e., without any resonance extraction), the devastating effects of the 
aforementioned negative interferences are apparent, to the extent that most of the 4DCHM 
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TABLE IV: Cross sections for process (PJ in the 4DCHM at the 14 TeV LHC, using C2 cuts 
supplemented by an additional selection around the W3 mass (see the text). The benchmarks 
(a)— (f) (left sub-table) as well as the colored ones (right sub-table) of [l|| are adopted here. The 
SM background is always 0.24 fb, except for benchmark (a) which yields 0.57 fb. The statistical 
significance a is computed with a luminosity of 1000 fb -1 and the tagging efficiency mentioned 
in the text. L m is the minimal luminosity needed to discover the W3 peak. The label "NA" is 
related to luminosity values which are not accessible at present colliders as well as future proposed 
prototypes. 



24 



f=0.75 TeV, g„=2 



0.03 



0.02 



0.01 



0.00 



T 



T 



f=1.3 TeV, g.=1.8 




I ' ' ' ' I ' 
SM 

4DCHM 



0.0008 



0.0006 




I 



2000 2050 2100 2150 2200 



0.003 



0.002 



0.001 



0.000 



T 




1000 1500 2000 2500 3000 3500 4000 
M T (GeV) 

FIG. 9: Differential cross sections pertaining to the charged DY process pp(qq') — > — > 
l + ui + c.c. — > I £'miss' Here, My is the transverse mass defined in the running text. The red-solid 
curve represents the full 4DCHM whilst the black-dashed one refers to the SM. The benchmark 
(a) / = 0.75 TeV and g* = 2[(f) / = 1.2 TeV and g* = 1.8] of [19] is adopted here on the leftfright] 
hand side. The cuts enforced are p[ > 20 GeV, \rji\ < 2.5 and M T > 1.0 TeV (left) or M T > 2.0 
TeV (right). 

benchmarks (hence, parameter space) become inaccessible at the standard LHC and the 
Super-LHC would become the only available option. Hence, it is clear that a high resolution 
sampling in various kinematic distributions is of fundamental importance to establish a 
signal in this channel at the LHC and this is clearly impossible at the 7 and 8 TeV energy 
stages, given the limited data samples collected therein. 



IV. CONCLUSIONS 



In summary, in the recurring study of leptonic signatures neatly emerging from the 
hadronic noise of the LHC, if contrasted to the potential of DY processes, the scope of 
both charged and mixed di-boson production in enabling one to test the gauge sector of the 
4DCHM is promising, despite the unavoidable lower cross sections. In fact, the benefit of 
supplementing standard DY analyses with di-boson ones is twofold. On the one hand, the 
latter, unlike the former, are anyhow sensitive to tri-linear gauge boson vertices, which are 
required to be measured in order to uniquely pinpoint the underlying gauge structure. On 
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TABLE V: Cross sections for process © in the 4DCHM at the 14 TeV LHC, using C2 cuts. The 
benchmarks (a)-(f) of [lij ] are adopted here. The SM background is 2.6 fb. 
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TABLE VI: Cross sections for process © in the 4DCHM at the 14 TeV LHC, using C2 cuts. The 

n 

colored benchmarks of [19( are adopted here. The SM background is 2.6 fb. 

the other hand, the di-boson modes, other than confirming the presence of the lightest gauge 
boson resonances already accessible in DY channels (and possibly measuring their widths), 
also offer the chance to extract the heaviest of the new charged gauge boson resonances of 
the 4DCHM, which would escape searches in DY mode. Unfortunately, the heaviest of the 
new neutral gauge boson resonances eludes the reach of both DY and di-boson processes. A 
residual possibility to access it would then be via gauge boson decays into hadrons in gen- 



eral and specifically via third generation quarks [18[, which mix with the additional heavy 
fermions of the 4DCHM, so that the intervening coupling strength between 4DCHM gauge 
bosons and SM top- and bottom-quark is higher than in the case of leptons (and light quarks 
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as well). 
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APPENDIX A: BENCHMARK POINTS 

In this additional Section, we give the numerical values for masses, widths, couplings to 
the SM light-fermions (introduced in eqs. (jSJ), (fTT]) ) of the Z and all Z's as well as the W 
and all W"s, and also for the tri-linear couplings among all the spin-1 gauge bosons defined 
by: 

gv'V"v>»£abc(d fl A'®)(A" fl,b A'" u,c ). (Al) 

We will here present these values for the two benchmark points used throughout the paper, 
namely (a) and (f). 

1. Benchmark point (a): / = 0.75 TeV and g* = 2 
Relevant numerical values can be found in Tabs. IVIIHIX1 

2. Benchmark point (f): / = 1.2 TeV and = 1.8 



In this case, numerical values can be found in Tabs. IXHXIII 
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TABLE VII: Masses and widths of the neutral and charged gauge bosons of the 4DCHM for the 
case / = 0.75 TeV and = 2. 
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0.10/0.003 


w£ 


0.022 


z^ 


0.011/ - 0.008 


-0.019 


-0.014/0.006 


0.017/ - 0.003 





TABLE VIII: Left- and right-handed couplings of the neutral and charged gauge bosons of the 
4DCHM to leptons and the first generation of quarks for the case / = 0.75 TeV and g* = 2. 



z 


w + 


w+ 


W+ 




z 2 


w + 


w+ 


W+ 


w~ 


-0.57 


0.004 


-8.8- 10~ 6 




w~ 


-0.002 


-0.049 


0.025 


w 2 - 


0.004 


-0.55 


-0.052 




w 2 


-0.049 


-0.13 


-0.006 


w 3 ~ 


-8.8- 10~ 6 


-0.052 


-0.20 




w 3 ~ 


0.025 


-0.006 


0.59 



z 3 


W+ 


W+ 


W 3 + 




z 5 


w + 


W+ 


W 3 + 


w- 


0.004 


-0.63 


-0.047 




w~ 


-1.9 • 10~ 5 


-0.045 


-0.33 




-0.63 


-1.7 


0.031 






-0.045 


0.032 


-0.98 


w 3 ~ 


-0.047 


0.031 


-1.0 




w 3 ~ 


-0.33 


-0.98 


-0.041 



TABLE IX: Tri-linear coupling of the neutral to the charged gauge bosons of the 4DCHM for the 
case / = 0.75 TeV and g* = 2. 
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M (GeV) 


T (GeV) 




M (GeV) 


T (GeV) 


z 


91.2 


2.4 


W ± 


80 


2.0 




2249 


32 




2312 


55 




2312 


55 


w£ 


3056 


54 


Zs 


3056 


54 





TABLE X: Masses and widths of the neutral and charged gauge bosons of the 4DCHM for the case 
/ = 1.2 TeV and <?* = 1.8. 









L/R, , 
9 Zl W 


9zi R (d) 




9 W ± 


Z 


-0.20/0.17 


0.37 


0.26/ - 0.11 


-0.31/0.057 


W ± 


-0.46 


z 2 


-0.049/ - 0.10 


-0.054 


0.015/0.069 


0.020/ - 0.034 




0.17 


Zz 


0.13/0.004 


-0.12 


-0.12/ - 0.002 


0.12/0.001 


w£ 


0.016 


z$ 


0.009/ - 0.006 


-0.014 


-0.010/0.004 


0.012/ - 0.002 





TABLE XI: Left- and right-handed couplings of the neutral and charged gauge bosons of the 
4DCHM to leptons and the first generation of quarks for the case / = 1.2 TeV and g* = 1.8. 



z 


w + 


w+ 


W+ 




z 2 


w + 


w+ 


W+ 


w~ 


-0.57 


0.002 


-2.3 • 10~ 6 




w~ 


-0.001 


-0.018 


0.018 




0.002 


-0.56 


-0.034 




w 2 


-0.018 


-0.042 


-0.006 


w 3 ~ 


-2.3 • 10~ 6 


-0.034 


-0.20 




w 3 ~ 


0.018 


-0.006 


0.58 



z 3 


W+ 


w+ 


W 3 




z 5 


w + 


W+ 


W+ 


w- 


0.001 


-0.64 


-0.030 




w- 


-5.9- 10- 6 


-0.030 


-0.33 




-0.64 


-1.4 


0.023 






-0.030 


0.023 


-0.89 


w 3 ~ 


-0.030 


0.023 


-0.86 




w 3 ~ 


-0.33 


-0.89 


-0.031 



TABLE XII: Tri-linear coupling of the neutral to the charged gauge bosons of the 4DCHM for the 
case / = 1.2 TeV and = 1.8. 
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